IceCube Neutrino Initiated Cascade Events: PeV Electron-antineutrinos at Glashow 
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We propose an interpretation of the two neutrino initiated cascade events with PeV energies 
observed by IceCube: Ultra high energy cosmic ray protons scatter on CMB photons through 
the Delta-resonance (the Berezinsky-Zatsepin process) yielding charged pions and neutrons. The 
neutron decays give electron-antineutrinos which undergo neutrino oscillations to populate all an- 
tineutrino flavors; however, electron-antineutrinos can remain dominant. At 6.3 PeV energy their 
annihilations on electrons in the IceCube detector is enhanced by the Glashow resonance (the W- 
boson) whose decays to hadrons give the showers observed in the IceCube detector. This interpre- 
tation can be tested in the near term and it has significant physics implications for cosmic neutrinos 
and their detection. 

PACS numbers: 14.80.Ly 12.60.Jv 



High energy neutrinos from the cosmos are of great in- 
terest since they should be closely related to the highest 
energy cosmic rays, whose origin is still an unsolved mys- 
tery. Experiments designed to detect these cosmogenic 
neutrinos [l[ have placed increasingly tighter upper lim- 
its on their fluxQ. However, very recently, the IceCube 
(IC) Collaboration has reported two neutrino-induced 
cascade events with energies of order 1 to 10 PeV.Q, 
which are likely cosmogenic. These cascade events could 
be i) electron-type neutrino initiated with showers from 
the electron and the hadron vertex, ii) showers from tau- 
neutrino events with tau-decays to hadrons or electrons 
and the hadron vertex, or iii) neutrino neutral-current 
events, with showers from the hadron vertex. It may 
be significant that PeV muon-neutrino charged-current 
events have not been detected and the IC experiment 
thus already places a stringent upper bound on the muon- 
neutrino flux at the level of the flux from the observed 
cascade events [1]. 

Previous studies of cosmogenic neutrinos have mostly 
focused on muon-neutrinos from pion, kaon, and 
charm decays [3 , [1] > 0] > ' > without any particular 
emphasis on the electron- antineutrino flux from neu- 
tron decays (except for a possible galactic electron- 
antineutrino source, Centaurus A)[lpJ. However, 
electron-antineutrinos have a unique advantage because 
of the Glashow resonance [ll[ (the W-boson) at antineu- 
trino energy of E— M^/(2m e ) = 6.3 PeV. This reso- 
nance gives an enhancement of electron-antineutrino an- 



nihilation on electrons of a factor of 300 [14], thus giv- 
ing electron-antineutrinos a huge advantage over muon- 
neutrinos and tau-neutrinos. The W-boson decays to 
hadrons (70%) will be manifest as a shower in IC. Our 
conjecture is that source of the IC PeV shower events is 
this resonant process. 

The primary source of cosmogenic neutrinos is cos- 
mic ray protons scattering on the cosmic microwave 
background (CMB) via the Berezinsky-Zatsepin (BZ) 
process [lj. 



proton + j(CMB) -> Delta A 



pion 



neutron 
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where Delta is the pion-nucleon resonance at 1236 Mev. 

The three-body decays of the neutron give electron- 
antineutrinos and the two-body decay of the charged pion 
give muon-neutrinos. We make the assumption that most 
of the high energy neutrino flux is of BZ origin. We 
will argue that the two highest energy events observed 
in the IceCube detector are likely to be such resonant 
events, and we will discuss the implications of such a 
grand initiation of high energy neutrino astronomy. 

Including the energy loss of ultra-high energy pro- 
tons (with typical power law energy spectra) propagat- 
ing through the CMB, it is found that the generic non- 
resonance flux of electron-type antineutrinos peaks near 
10 PeV while the peak energy of muon-type neutrinos is 
near 1 EeV[5]. Thus, the muon-neutrino events from the 
Berezinsky-Zatsepin (BZ) process are not expected in the 
1 to 10 PeV range now being probed by IC. At proton 
energies near 10 19 eV, the cosmic ray spectrum cuts off 
sharply due to absorption over extra-galactic distances 
from the scatteringon the CMB. This GZK[l7| cut-off is 
seen in the Auger [18| and HiRes[l9| cosmic ray data, if 
protons are the primary component of the highest energy 
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cosmic rays, although the Auger data favor a largely Fe 
composition. Corresponding to the GZK cut-off for pro- 
tons, the neutrino energy spectrum should also cut-off 
sharply above 10 19 eV. It has been argued that a large 
detector array, of order 1000 km 3 , or a huge target with 
an experiment, such as ANITA[12|], would be needed to 
detect the BZ neutrino flux, fill] 

Returning to our consideration of the electron- 
antineutrinos from the neutron decays, neutrino oscil- 
lations will modify the neutrino-flavor composition ra- 
tios from an initial (1:0:0) to (2.5:1:1) ^ in the tri- 
bi-maximal neutrino mixing approximation (23j . which 
becomes (2-3:1:1) when recent global fits to the PMNS 
neutrino mixing matrix elements [H) are used. Thus, the 
predominance of electron-antineutrinos from the neutron 
source exists even before the W-resonance cross section 
enhancement is included. At higher neutrino energies 
the flavor mix is expected to be essentially 1:1:1 from the 
1:2:0 of the pion-muon decay chain (25l|. 

The electron-antineutrino cosmic flux is determined 
approximately from the two IC cascade events to beQ 
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Knowledge of this neutrino flux allows the prediction of 
the corresponding diffuse photon flux that is measured 
by Fermi-LAT[13|. 

The IC observation of cascade events also bodes well 
for the success of the ANTARES neutrino telescope in 
the detection of cosmogenic neutrinos. [26j 
Conclusions 

We have interpreted the observation of the two PeV 
showers in the IceCube detector as the first evidence of 
cosmogenic neutrinos. This interpretation relies on on 
the BZ process in which cosmic ray protons interact with 
the CMB background photons giving neutrons that de- 
cay to electron-antineutrinos. The cross-section for their 
interactions on electrons is enhanced by more than two 
orders of magnitude by the Glashow resonance. 

If our interpretation is correct, refined calibrations of 
the energies of the two PeV shower events that have been 
observed by IceCube should be found to be consistent 
with the 6.3 PeV Glashow resonance energy. The visible 
event energies are not necessarily 6.3 PeV, but somewhat 
less (and definitely not more). The shower events should 
be dominantly W decays to two jets, leading to many 
pions and kaons. A small fraction of the energy is lost in 
neutrinos and energy used in breakup of the nuclei. Also, 
in the IC Cherenkov detector, the energy winds down 
quickly to low energy particles, some of which are be- 
low Cherenkov threshold. This is in contrast to a muon- 
neutrino initiated event, where most of the energy goes 



to modes whose Cherenkov radiation is detected. 

Moreover, if the events are indeed cosmogenic electron- 
antineutrinos with a Glashow resonance cross section, 
more such events should soon follow. The finding of 
electron-antineutrino events has significant implications 
for the type of cosmic neutrino production, which would 
not have been the case if the high energy muon-neutrino 
events were seen first. This IC observation of cascade 
events can differentiate types of models which produce 
the UHE cosmic r ays @ , [| , , [H . 

If our interpretation of the IC PeV showers is con- 
firmed, then several matters should become the focus of 
present and future experiments: 

First, directionality is paramount, and the extraction 
of directions from the cascades will be a priority. The 
directions need to be from above the local horizon, and 
the sources should not be galactic since corresponding 
cosmic ray events are not seen in Extensive Air Showers 
datafHJ . It is possible that they would come from a single 
or few powerful and cosmologically not distant sources, 
and would point back to their origin. The reconstruction 
of cascade directions to astronomically useful levels of a 
degree or less seems challenging. 

Second, experimental detector design has so far fo- 
cused on muon-neutrino detection, since in a 1:1:1 three- 
neutrino environment the detection of the very high en- 
ergy muons wins out over contained cascades. But with 
the Glashow resonance bump in the electron-antineutrino 
event rate, there is an exciting opportunity in neutrino 
astronomy with cascade detection. 

Third, if the IC PeV showers are electron-antineutrino 
Glashow resonance events, then higher energy muon- 
neutrino events should be detected (the implications are 
strong in this direction but not vice versa) [5j. 

Fourth, the IC discovery presents an opportunity for 
KM3NeT 27( , which has not yet been committed in con- 
struction geometry, to focus on cascade detection in their 
design. Since IC finds two shower events in lkm 3 years, 
a useful KM3NeT signal should be obtained in lOfcm 3 
years. 
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